ABSTRACT In this paper, a wideband coaxial to ridge gap transition is proposed and implemented. The transition has a compact size, wide bandwidth, and simple structure. It can be used to excite ridge gap waveguides implemented by the printed circuit board or computer numerical control (CNC) technologies. A similar circuit model for a coax-to-microstrip junction is proposed and used to establish a systematic design procedure for the proposed transition. Perfect electric conductor and perfect magnetic conductor (PMC) boundaries are used to make the procedure independent of the fabrication technology. The PMC is replaced by a bed of nails for ridge gap realized by CNC technology and mushroom-shaped structure in the case of PCB technology. The proposed transition based on the PCB technology is fabricated and measured. There is a good agreement between simulated and measured results which validates the proposed design. The transition has a 59.22% bandwidth with S 11 < −10 dB and S 21 > −0.5 dB.
is the ridge gap waveguide (RGW), which was introduced for the first time in 2009 [6] [7] [8] as a quasi-TEM guiding structure. This guiding structure is introduced in many forms such as metal and printed RGW [9] . The metal RGW can be realized by CNC technology, whereas the printed RGW is implemented using a traditional PCB technology. It is a promising guiding structure for mmw systems as the propagating mode is a quasi-TEM inside an air gap providing low signal distortion and low losses compared to microstrip line and substrate integrated waveguide (SIW) [10] technologies. Different electromagnetic devices are implemented using this technology such as filters, directional couplers, and antennas [11] [12] [13] [14] [15] [16] [17] [18] [19] . Hence, high performance transitions are required to excite these components. The common technique to excite the ridge gap structure is accomplished by inserting a microstrip line in the air gap of the RGW structure. It is widely used to excite both metal and printed RGW [20] [21] [22] [23] [24] [25] . The major disadvantage of this feeding technique is the use of an end launch connector which has high insertion loss. Another way to excite the RGW is through the use of a coaxial transition. It is introduced in many configurations such as half wavelength open circuit [8] and quarter wavelength short circuit [26] . These techniques exhibit a narrow bandwidth performance and sensitivity for probe position. Broadband transition designs are introduced in [26] and [27] by deploying a multi-sections matching transformer and fitting parts connected to the RGW. Although this technique has a wide bandwidth performance, it has a large size resulting in a bulky structure connected to the microwave devices. Beside that, it is limited to metal RGW structures due to the use of different heights in the transition. On the other hand, relatively few trials have been done to excite the printed RGW using a coaxial transition but they show a narrow bandwidth performance [13] , [14] . The use of a waveguide to ridge gap transition is introduced in [28] [29] [30] for metal RGW and in [9] for the printed type. It is a narrow band for printed type and can achieve wideband for the metal type but it makes the device bulky.
This work is about designing a wide bandwidth coaxial to RGW transition based on a systematic design procedure. The proposed design is validated for both metal and printed RGW in different frequency bands. It has achieved a wide bandwidth performance with a compact size. This feature enables its integration with other microwave components and reduces the overall cost while covering the possible operating bandwidth of RGW ( usually an octave frequency range).
This paper is organized as follows: Section II presents the design procedure of the transition. Section III shows the implementation of the transition to excite metal RGW structures in two different frequency bands. In Section IV, the implementation of the proposed transition in printed RGW is presented. The prototype, measured results, and performance analysis of the proposed transition in the printed RGW technology are presented in Section V. Finally, a summary of the paper outcomes is in Section VI.
II. COAXIAL TO RIDGE TRANSITION DESIGN PROCEDURE
The proposed transition from a coaxial line to RGW structure is designed in three stages: (1) introducing a circuit model for the direct connection between the coaxial and the RGW using ideal model with PEC and PMC boundaries (This makes the design procedure easier and independent of the implementation technology) (Section II-A), (2) employing a matching technique to increase the operating bandwidth (where the initial values of the proposed transition parameters are calculated) (Section II-B), and (3) replacing the PMC boundary by bandgap unit cells designed to cover the operating frequency band and an optimization process is performed to achieve better matching level (Section III and IV).
A. MODELING OF DIRECT TRANSITION FROM COAXIAL TO RGW
The design of the proposed transition starts by examining the direct connection between a coaxial line and the RGW shown in Fig. 1 (a) . The width of the ridge (W=1.75 mm) and the air gap height (h=0.289 mm) are chosen to achieve a 50 characteristics impedance to be matched with a standard 50 coaxial line. This connection can be modeled by a π-circuit as shown in Fig. 1 (b) [31] , where there are two capacitors (C/2) and one inductor (L), the inner conductor of the coaxial line acts as an inductor and the outer radius of the coaxial line with the top ground acts as a capacitor. The advantage of using a direct connection between a coaxial line and the RGW over the usage of a quarter or a half wavelength stub [8] , [26] is the elimination of a frequency dependent section to achieve a wideband performance.
In order to extract the π-circuit parameters, the direct connection between the coaxial and the RGW is simulated in high frequency structure simulator (HFSS) with perfect boundary conditions. The reflection coefficient, obtained from HFSS simulation, is used to calculate the input impedance as follows:
The input impedance for the circuit model can be expressed as
By equating the input impedance of (1) with the input impedance of the circuit model (2) , the values of the capacitance (C) and inductance (L) of the π-circuit model shown in Fig. 1 (b) can be obtained. As there are two equations (one for the real part and the other for the imaginary part) and two variables, the equations are consistent and there is only one solution. Fig. 2 shows the obtained capacitance and inductance of the circuit model. It can be seen that they are stable in the VOLUME 6, 2018 FIGURE 2. The capacitance and inductance of the π-circuit model obtained using the S-parameters from the HFSS simulation. region from 30 to 45 GHz. By choosing the values at the center frequency (33.5 GHz), the obtained capacitance and inductance are C=0.043 pF, and L=0.0605 nH, respectively. Fig. 3 shows the agreement between the reflection coefficient obtained from the π-circuit model and that from the simulator.
In order to improve the impedance matching even further, the input impedance of the direct connection is investigated. The real and imaginary parts of the input impedance are shown in Fig. 4 . Since the reactance part is capacitive, an inductive element is required to have a pure real impedance that can be easily matched with the 50 coaxial line. In addition, since the value of the real part of the impedance is declining with the frequency, an inductance and a tapered matching section are added to have a matched transition with 50 ridge line impedance, making the proposed transition compatible with most of the microwave components.
The circuit model with the added parallel inductor (L 2 ) is shown in Fig. 5 . Note that the tapering section is not considered here for simplicity of the circuit model. The new input impedance, after adding (L 2 ) becomes:
Here, the value of L 2 is optimized to minimize the reflection coefficient which can be expressed as: The conventional way to add a parallel inductance to a transmission line is through adding a shorted stub with a certain length. This technique produces an inductance that is changing with frequency and will limit the bandwidth of the proposed transition. In the proposed work, vias around the line are used to act as inductors to avoid such limitation. The value of the inductance depends on the radius and the height of the vias. Since the height is fixed in this work, the radius of the vias is the parameter that can be used in the optimization. Another parameter is the position of the vias with respect to the ridge line, as the field is decaying away from the ridge line (see Fig. 15 for the printed ridge gap case). These two parameters are used in the optimization process to have good matching.
B. PROPOSED TRANSITION STRUCTURE
A high matching level transition is required to excite the RGW. By using a single connection with perfect boundary conditions, the matching level in the direct connection approach −17 dB in the frequency band from 22 to 45 GHz. For a back-to-back configuration, the matching level will degrade further. Moreover, by replacing the PMC with the bandgap unit cells, the matching level becomes even worse. In this section, S 11 < −20 dB over the whole frequency band is achieved in the ideal case. Therefore, when realizing the transition, it reaches the acceptable range of about −15 dB. Fig.6 shows the total proposed transition in which a matching section and vias are used. Fig. 7 depicts S 11 result from HFSS along with that of the direct connection with/without parallel inductance, where L 2 = 1.3 nH is the optimum value for good matching level. It is clear that the matching bandwidth (S 11 < −20 dB) is wider and the matching level is improved especially at higher frequencies. As the principle of operation has been elaborated in the ideal case with PEC and PMC boundaries, the implementation of this transition in metal RGW and printed RGW is presented in the following sections.
III. METAL RIDGE GAP TRANSITION
The design of the proposed transition in metal RGW is presented in two frequency bands. For the frequency band from 12 to 22 GHz, the structure of the unit cell which is used to realize the artificial magnetic conductor (AMC) and the associated band gap for a single unit cell are shown in Fig. 8 and those for the unit cell with the added ridge line are shown in Fig. 9 , where β is the propagation constant and a is the period of the unit cell. The band gap of the unit cell alone is from 9.11 to 25.03 GHz, while it becomes from 9.93 to 25.05 GHz when the ridge line is included. The propagating mode (QTEM) appears because of the added ridge line between the unit cells and propagates along the line. The appearance of extra modes, in the dispersion diagram of the unit cells with the ridge line, is due to the truncation of the periodic boundary in the direction normal to the line [8] . While in the single unit cell case, the periodicity is on two directions, normal to the line and along the line, which assumes infinite structure and only one TM mode can propagate below the band gap and higher order TM and TE modes can propagate after the band gap.
The geometry of the back-to-back configuration of the proposed transition is illustrated in Fig. 10 . The design of the ridge gap waveguide with 50 characteristic impedance is done by using the stripline model [8] to calculate the initial width of the ridge line W line . Then adjustment has been done using the computer simulation technology (CST) simulator, at the center frequency, to obtain the line width for matching with a 50 coaxial line. A tapered section and four pins around the ridge line are then used to have an acceptable matching level. Finally, an optimization for the tapered section and the four vias is done to compensate for the capacitance and inductance introduced by the unit cells near the transition. The final dimensions are presented in Table 1 . Fig. 11 shows the simulated S-parameters for the back-to-back configuration of the proposed transition. The impedance matching bandwidth (S 11 < −10 dB) is from 12 to 22 GHz which covers the whole Ku band (from 12-18 GHz). Furthermore, the S 21 is above −0.5 dB over the whole frequency band and S 11 is less than −15 dB in most of the band.
Applying the same concept to a different frequency band, mainly from 24 to 40 GHz, is presented to validate our the ridge line. The dimensions of the unit cell and the backto-back configuration of the transition are in Table 2 . Fig. 12 shows the simulated S-parameters. The impedance matching bandwidth (S 11 < −10 dB) is from 23.18 to 41 GHz and the S 21 is better than −0.5 dB. The transition covers the whole Ka band (27-40 GHz), which makes it suitable for 5G communication and imaging applications.
IV. PRINTED RIDGE GAP TRANSITION
In this section, the proposed transition is applied to the printed ridge gap. Only one frequency band is presented here to avoid the redundancy. The selected frequency band is 24-40 GHz. The mushroom-shaped unit cell is used for the printed RGW. The unit cell with its band gap is illustrated in Fig. 13 , where the used substrate material is Roger RT6002 (ε r =2.94 and tanδ=0.0012). The band gap is from 22.307 to 43.095 GHz for the single unit cell, and from 22.15 to 43.014 GHz for the unit cell with the ridge line as illustrated in Fig. 14 . Another RT6002 substrate with 0.254 mm thickness is used as a middle substrate while the center is removed to introduce the air gap. The vias around the transition are inserted in this substrate. The electric field distribution on the RGW cross section is shown in Fig. 15 . The result shows that the use of the band gap unit cells around the ridge line has confined the electric field within the ridge line section. Fig. 16 shows the configuration of the proposed transition. Fig. 17 shows the electric field distribution in the middle of the air gap region and along the transition. The final dimensions are shown in Table 3 . The S-parameters are shown in Fig. 19 along with the measurement results, where the impedance matching bandwidth (S 11 < −10 dB) is from 22.7 to 41.8 GHz and the S 21 is greater than −0.5 dB. Once again, the transition covers the whole Ka band (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . This transition is fabricated to validate the concept of the proposed technique. 
V. MEASUREMENT AND DISCUSSION
The fabricated parts of the proposed transition using conventional PCB technology together with the integrated prototype are shown in Fig. 18 . For measurement purposes, an aluminum base has been drilled with the same PCB drilling machine and the plastic housing has been fabricated using 3D printing. A conducting copper tab has been used on top of the structure instead of soldering to connect the inner pin of the coaxial line to the upper copper plate. The (N52271A) PNA network analyzer, the Electronic calibration kit (Ecal), and 2.4 mm coaxial connectors are used through the measurement. There is a good agreement in the behavior between the measured and simulated results as shown in Fig. 19 . The proposed transition achieves −10 dB matching level over the whole frequency band (24-40 GHz) with insertion loss less than 0.5 dB. The discrepancy in the amplitudes at the start of the band, between measured and simulated results, is due to the misalignment between the layers, the tolerance in the fabrication, and the contact between the connector and the ground of the ridge gap substrate. The measured performance is a fractional bandwidth of 45.8% (from 24.9-39.7 GHz) with S 11 < −8.3 dB and S 21 > −0.5 dB. The power loss factor (1 − S 2 11 − S 2 21 ) [32] is shown in Fig.20 , for simulated and measured results. The simulated power loss factor is less than 0.04 over the operating band and mean value of the measured one is in a good agreement with the simulated one. The increase of the insertion loss and hence the power loss factor at the beginning and the ending of the operating frequency band may come from dielectric and copper losses. The fields must be exponential decaying away from the ridge line (in the band gap region of the unit cell surrounding the ridge line) and as the operating frequency reaches the edges of the band gap region the exponential decaying is weak and hence the fields suffer from the dielectric and copper losses. The reason of high losses in the measurement rather than in the simulation may come from the fact that the simulation uses the dielectric loss tangent at 10 GHz but the measurement takes the real value at the millimeter wave frequency range which is higher than the value at 10 GHz.
A performance comparison between the proposed design and other related work in the literature is presented in Table 4 . The proposed transition performance is better than most of the reported transitions [8] , [9] , [14] , [20] [21] [22] [23] [24] , [30] in terms of the fractional bandwidth. Reported results in [26] and [27] show a better fractional bandwidth performance, but they are bulky (non-planar structures) and electrically large (length is more than 2.5 λ 0 ) compared to the proposed transition and only suitable for CNC technology. The proposed work is planar (which makes it suitable for both CNC and PCB technologies) and compact in size (0.28 λ 0 ) with reasonable return loss and insertion loss. The matching concept of the proposed transition is also scalable to different frequency bands as shown in section III. The use of the coaxial feeding avoids dielectric and radiation losses that exist in microstrip to ridge transitions [22] , [24] . The proposed transition has superior performance over other small sizes (less than λ 0 ) coaxial to RGW transitions reported in [8] and [14] . It focuses on reducing the effect of the parasitic inductance and capacitance introduced by the direct connection between the coaxial line and the RGW and hence a wide bandwidth is achieved. The use of rectangular waveguide to excite the ridge gap is presented in [9] and [30] , it can achieve a wideband matching but again makes the design bulky.
VI. CONCLUSION
In this paper, a wideband coaxial to ridge gap transition has been designed and implemented in metal and printed ridge gap technologies. A bandwidth of 59.22 % has been achieved for the printed type and 55.53 % for the metal type with insertion loss less than 0.5 dB. A circuit model for the coaxial to ridge gap transition is presented and it shows a good potential to be used in determining the required matching circuit parameters. The designed transition is planar, and henceforth, is applicable for both metal and printed RGW structures. The transition is compact in size and easy to fabricate which makes it suitable for small devices.
